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R1039DispatchesSpinal Cord Injury: Harnessing Spike Timing to Induce
Plastic ChangeA recent study shows that a spike-timing-dependent plasticity protocol can
potentiate corticospinal transmission to finger muscle motoneurons, in both
volunteers and inpatientswith incomplete spinal injury. In patients, theprotocol
improved voluntary muscle output and performance on a peg-board test.Roger Lemon
Spike-timing-dependent plasticity is
a well-recognised mechanism that can
result in long-term changes in synaptic
efficacy. Long-term potentiation can
occur when presynaptic spikes
precede discharge of the postsynaptic
neuron, providing that the pre- and
post-synaptic events fall within a
time-sensitive window [1]. Spike-
timing-dependent plasticity has been
demonstrated at a wide variety of
synapses. In the motor system, there is
indirect evidence that it exists at human
cortico-motoneuronal synapses, which
provide direct, monosynaptic
connections between motor cortical
areas and spinal motoneurons [2].
In their paper in this issue of Current
Biology, Bunday and Perez [3] now
confirm that this mechanism operates
at human cortico-motoneuronal
synapses onto motoneurons supplying
finger muscles and, for the first time,
show that it is still present in patients
with incomplete spinal injury. In these
patients, the outcome of the
spike-timing protocol is to boost the
level of voluntary muscle activation and
force, and also increase speed on
skilled manipulative tasks. Although
these effects are relatively transient,
they do open up potentially new
avenues for therapy to recover lost
motor function.
The cortico-motoneuronal synapse
is a characteristic feature of
human motor control, in which
corticospinal neurons project
directly to spinal motoneurons. This
cortico-motoneuronal system, which
we share with other dextrous
non-human primates [4], was
discovered many years ago [5,6],
and was brought to scientific
prominence by the demonstration that
it is highly active during skilled hand
movements, including tool use [7,8].Cortico-motoneuronal transmission is
very sensitive to the frequency of
arriving inputs [9]. Non-invasive
transcranial magnetic stimulation
(TMS) of the human motor cortex
evokes strong muscle responses in the
contralateral limb, and this is especially
true for hand and finger muscles.
At least the early component of these
responses is known to be mediated
by cortico-motoneuronal synapses,
which transmit the high-frequency
impulses in corticospinal axons that
are generated by TMS [10]. In an
extensive range of studies over the
past 25 years, these ‘motor evoked
potentials’ have been used as a useful
‘read-out’ of the status of motor and
cognitive brain systems.
The cortico-motoneuronal synapse
is a dynamic entity, capable of plastic
change. In 2009, Taylor and Martin [2]
first presented evidence that
spike-timing-dependent plasticity
operates in the human motor system.
They showed that by precisely
timing the arrival of presynaptic
(corticospinal) inputs to elbow flexor
motoneurons to be around 3
milliseconds before their postsynaptic
discharge, there was a significant
increase in voluntary motor output: the
maximum level of elbow flexor force
developed by subjects was increased.
If the long corticospinal fibres linking
cortex to spinal cord are damaged,
many different sensory, motor and
autonomic functions are affected; loss
of useful hand function is one of most
debilitating handicaps of spinal cord
injury [11]. So the corticospinal tract
has long been a target for a wide range
of therapeutic interventions aimed at
recovery of function [12,13]. Bunday
and Perez [3] are the first to apply
spike-timing dependent plasticity to
patients with spinal cord injury. They
first demonstrated that spike-timing-
dependent plasticity could boost spinalmechanisms generating voluntary
motor output to finger muscles of
healthy volunteers. Their protocol used
TMS over the hand area of the motor
cortex to generate activity in the
corticospinal tract and arrival of
presynaptic inputs to finger muscle
motoneurons. These TMS pulses were
paired with brief electrical shocks
to the subject’s ulnar nerve to evoke
post-synaptic discharge of the same
motoneurons. TMS and nerve shocks
were timed precisely, such that,
in each subject, spikes in presynaptic
terminals arrived 1–2 milliseconds
before post-synaptic discharge.
Control protocols varied the timing,
such that presynaptic impulses arrived
after the post-synaptic discharge.
The spike-timing-dependent
plasticity protocol delivered 100 pairs
of pulses at 0.1 Hz, taking a period
of around 17 minutes, after which
Bunday and Perez [3] applied a
gamut of neurophysiological tests to
demonstrate plastic change and to
try to pin down the mechanism
responsible. They demonstrated
changes in transmission in the
corticospinal pathway by showing that,
after the spike-timing-dependent
plasticity protocol, TMS evoked
significantly larger motor potentials
recorded from a finger muscle (first
dorsal interosseous, which moves the
index finger): responses were around
1.5 times larger than at baseline.
Of course, given the rather indirect
action of TMS on the cortex [10], these
changes might reflect changes at the
cortical level, where there is ample
evidence for short-term plastic change
[14]. To exclude this, Bunday and
Perez [3] also tested responses with
transcranial electric stimulation (TES),
which is known to directly excite
corticospinal axons [10,15]: the same
boosting effect was found. Even more
striking was the demonstration that
potentiated responses were also found
when they applied stimuli to the
cervico-medullary junction, which,
among other pathways, directly excites
the corticospinal tract just above its
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cord [16].
A protocol in which the timing of
the presynaptic and postsynaptic
events was reversed produced no
change in evoked responses, as
predicted from the spike-timing
literature. Importantly, the authorswere
also able to show that the results could
not be simply explained by increases in
motoneuronal excitability: instead, the
boosting did appear to reflect a greater
responseof themotoneurons to the test
corticospinal inputs. Further evidence
of potentiation came from other tests
in which subjects were asked to exert
forces at the finger equivalent to 10%of
theirmaximumeffort. They consistently
showed greater activation of the
muscle andmore force exertedafter the
spike-timing protocol.
Having established the basis of
changes in age-matched controls,
Bunday and Perez [3] then went on to
investigate a group of 19 patients with
spinal cord injury. These patients had
incomplete injuries of the cervical
spinal cord (the majority rated as
‘ASIA B, C or D’) and they had impaired
hand motor function. Stimulation of
the cortex in these patients evoked
smaller and later responses, probably
reflecting reduced and slower
conduction in damaged pathways [17].
Accordingly, Bunday and Perez [3]
adjusted the timing of the cortical and
peripheral stimuli in each patient to
allow for a somewhat later arrival of
the corticospinal spikes at the finger
muscle motoneurons (on average
1.8 milliseconds later than in
age-matched controls). Encouragingly,
the facilitatory effects of the
spike-timing-dependent plasticity
protocol on responses to TMS, TESand
cervico-medullary junction stimulation
in the spinal cord injury patients were
significant and similar to those in the
volunteers, although generally weaker.
Importantly, nearly all patients showed
significant boosting of voluntary
muscle activity and finger force levels.
Also, patients’ performance on
the skilled motor task (a ‘nine hole peg’
test) was improved after the
spike-timing-dependent plasticity
protocol, but not after the control
protocol.
Although difficult to demonstrate
with this non-invasive approach,
it seems likely that at least some of
the effects reported by Bunday and
Perez [3] result from potentiation of
cortico-motoneuronal synapses. Thisdemonstration that neurophysiological
protocols can improve transmission
at this important synapse in both
health and disease is a significant
advance. So far, the therapeutic
effects demonstrated here seem to
be relatively short-lived (around
80 minutes), so it is clear that other
combinatorial therapeutic approaches
may be needed to take advantage of
them for long-term recovery. Further,
these protocols may of course change
transmission in other pathways,
including those involved with pain.
However, only three of the 19 spinal
cord injury patients reported transient
changes in phantom limb sensations or
pain, suggesting that this should not be
a problem in developing these exciting
results further. Bunday and Perez’s [3]
paper represents an important
development, bringing basic
discoveries revealed by research in
animals to the potential clinical benefit
of spinal cord injury patients.
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NucleosomesDinoflagellates are unique among eukaryotes in their unusual
‘dinokaryons’ — nuclei that lack bulk histones. A new study finds that
acquisition of a novel dinoflagellate chromatin protein was an early step in the
transition to a nucleus lacking detectable nucleosomes.Paul B. Talbert and Steven Henikoff
A glaring exception to the otherwise
universal rule that eukaryotes packagethe bulk of their DNA by wrapping it
around histones to form nucleosomes
are the dinoflagellates [1] (Figure 1A).
This major group of unicellular
